High-definition fluoroscopic imaging is required to perform endovascular procedures safely and precisely, especially in complex cases, resulting in longer procedures and increased radiation exposure. This is of importance for training institutions as trainees, even with sound instruction in as low as reasonably achievable (ALARA) principles, tend to have high radiation exposures. Recently, there was an upgrade in the imaging system allowing for comparison of radiation exposure to patients and providers. We performed an analysis of consecutive endovascular aneurysm repair (EVAR) and superficial femoral artery (SFA) interventions in the years 2013 to 2014. We recorded body mass index (BMI) and fluoroscopy time (FT) and subsequently matched 1:1 based on BMI, FT, or both. We determined radiation dose using air kerma (AK) and also recorded individual surgeons' badge readings. Allura Xper FD20 was upgraded to AlluraClarity with ClarityIQ. We identified a total of 77 EVARs (52 pre and 25 post) and 134 SFA interventions (99 pre and 35 post). Unmatched results for EVAR were BMI pre 26.2 versus post 25.8 (kg/m 2 , P ¼ .325), FT 28.1 versus 21.2 (minutes, P ¼ .051), and AK 1178.5 versus 581 (mGy, P < .001), respectively. After matching, there was a 53.2% reduction in AK (846.1 vs 395.9 mGy; P ¼ .004) for EVAR. Unmatched results for SFA interventions were BMI pre 28.1 versus post 26.6 (P ¼ .327), FT 18.7 versus 16.2 (P ¼ .282), and AK 285.6 versus 106.0 (P < .001), respectively. After matching, there was a 57.0% reduction in AK (305.0 vs 131.3, P < .001). The total deep dose equivalent from surgeons' badge readings decreased from 39.5 to 17 mrem (P ¼ .029). Aortic and peripheral endovascular interventions can be performed with reduced radiation exposure to patients and providers, employing modern fixed imaging systems with advanced dose reduction technology. This is of particular importance in the light of the increasing volume and complexity of endovascular and hybrid procedures as well as the prospect of decades of radiation exposure during training and practice.
Introduction
Over the last 25 years, there has been a tremendous shift in treating vascular problems. From 2001 to 2009, endovascular aneurysm repair (EVAR) utilization for abdominal aortic aneurysm (AAA) repair increased from 33% to 78% and overtook open repair as the most commonly performed approach in 2003. 1, 2 Similarly, about two-third of peripheral interventions for critical limb ischemia are done endovascularly, 3 and the likelihood of an endovascular approach tripled between 1999 and 2007. 4, 5 As a consequence, many institutions have built hybrid operating rooms with fixed cardiovascular imaging systems to meet these new demands. They have excellent imaging that is superior to mobile C-arm systems. These improved visual capabilities, however, come at a price. Several studies have documented 3-to 10-fold increased radiation doses of fixed imaging systems compared to mobile system. [6] [7] [8] This is in part due to larger imaging detectors and more powerful X-ray tubes designed for higher continuous and peak power levels, providing greater detail and better penetration.
Several strategies have been developed to reduce the radiation exposure to patients and providers. The first and foremost strategy is the appropriate use of ionizing radiation as expressed in the mnemonic "as low as reasonably achievable (ALARA)": as low as reasonably achievable. ALARA principles aim at reducing exposure time, correct distance management (source-patient-detector, source/patient-provider) and appropriate shielding. More stringent adherence to these principles was shown to reduce radiation. 9 These efforts, however, cannot infinitely reduce radiation dose without compromising the conduct of the procedure itself and its safety. Image fusion technology, for example, can further reduce radiation exposure. By relying on a fusion image generated from previously obtained axial imaging and live fluoroscopy, we could show that EVARs can be performed with reduced radiation compared to standard imaging techniques. 10 The present study explores another approach to reduce radiation exposure. Advanced imaging technology, which includes both hardware and software modifications aimed at noise reduction, can reduce the patient entrance dose and subsequently scatter radiation without compromising image quality. 11 In this study, we evaluate 1 such technology (Philips ClarityIQ; Philips Healthcare, Best, the Netherlands) before and after an upgrade of the fixed cardiovascular imaging system at our institution and compared its effect on radiation exposure during EVAR or superficial femoral artery (SFA) interventions for patients and providers.
Methods
In April 2014, the hybrid operating room at our institution (Beth Israel Deaconess Medical Center) was upgraded. The fixed cardiovascular imaging system Allura Xper FD20 was upgraded to AlluraClarity with ClarityIQ technology (Philips Healthcare). ClarityIQ is a novel dose reduction platform which is available with various settings customized for neurovascular, cardiovascular, and vascular procedures. Briefly, overall dose is reduced by the use of smaller focal spot sizes, shorter X-ray pulses, lower tube current, and additional beam filtration. To optimize the quality of the images acquired with reduced dose, several real-time image processing algorithms are employed: automatic pixel shifting (for digital subtraction angiography [DSA]), temporal averaging of consecutive images, spatial noise reduction in a multiresolution pyramid, and image enhancement. The parameters of the algorithm and the generator settings were clinically optimized for each different application. 12 We used the opportunity to compare changes in radiation exposure to patients and providers from this upgrade. Over a period of 12 months before and 6 months after the upgrade, consecutive patients were assessed during standard EVAR and during SFA interventions. Pre-and postchange cohorts were formed and compared. The institutional review board approved the study. Body mass index (BMI), fluoroscopy time (FT), and air kerma (AK) were collected. Air kerma, the kinetic energy released per unit mass air, describes the energy transferred by radiation in Gy. It is well described that length of fluoroscopy and body habitus alter the radiation. Hence, matching was performed in a 1:1 fashion on FT, BMI as well as both parameters combined to allow for better comparison of the cohorts.
Provider radiation exposure was measured via mandatory badges worn on the outside of the thyroid collar (Luxel þ Dosimeter; Landauer, Glenwood, Illinois). Total deep dose equivalent expressed in mrem was used. The collected data represent global radiation exposure in a given month with the respective fixed imaging system and includes radiation exposure from more procedures than the abovementioned EVAR and SFA interventions. It thus allows for a generalized assessment of provider exposure incurred from the different systems. All providers were vascular surgeons (n ¼ 5) and 1 fellow in the 5 þ 2 vascular surgery tract.
Statistical analysis and graph plotting were done using Prism (GraphPad, La Jolla, California). Data are presented as median with interquartile range as well as minimum and maximum (range). Comparisons were carried out using 2-tailed Wilcoxon-Mann-Whitney test with significance set at P < .05.
Results

Endovascular Aneurysm Repair
We identified 77 consecutive patients undergoing EVAR in the examined period. Fifty-two patients underwent the procedure with standard imaging system (precohort), whereas 25 patients were operated on using the upgraded system (postcohort). We did not identify statistically significant differences in BMI and FT between the 2 cohorts (BMI: 26.2 vs 25.8, P ¼ .325; FT: 28.1 vs 21.2, P ¼ .051). There was, however, a highly significant difference between the groups for radiation: The AK was 1178.5 mGy in the precohort and 581 mGy in the postcohort (P < .001). This represents an unmatched reduction of 50.7% (Table 1) . To better control for procedure-and patient-related factors, we performed 1:1 matching for BMI and FT (matched P values 1 and .734, respectively). After matching the reduction in AK was similar at 53.2% (P ¼ .004; Figure 1 ).
Superficial Femoral Artery
There were 134 SFA interventions in the studied time: 99 in the precohort, 35 in the postcohort. Similar to results for EVAR, there was no difference in BMI or FT between the groups (BMI 28.1 vs 26.6, P ¼ .327; FT 18.7 vs 16.2, P ¼ .283). Air kerma was reduced by 62.9% in the postcohort (pre 285.6 mGy vs post 106.0 mGy, P < .001; Table 2 ). After double matching based on BMI and FT (matched P values .965 and 1, respectively), this reduction remained at a similar value of 57% ( Figure 2 ).
Providers
In line with reductions in AK seen for both EVAR and SFA interventions, surgeons also experienced a reduction in their This difference was significant at P ¼ .029. Most notably, the largest single decrease of 78.8% was seen for the fellow over the whole period (P ¼ .003; Figure 3 ). As a sensitivity analysis to account for early inexperience of the fellow, we restricted the analysis to the months immediately before and after the upgrade and found that the reduction is smaller and more in line with the other surgeons at 68.1% (P ¼ .016).
Discussion
Vascular surgery has changed tremendously over the last 3 decades from a purely open specialty to one that relies heavily on minimally invasive, endovascular techniques. Virtually, every analysis of trends in utilization shows that the endovascular approach has become the dominant one. [2] [3] [4] 13, 14 This shift comes with increased use of fluoroscopic imaging as a requirement for endovascular diagnosis and therapy. The most significant risk with this approach is ionizing radiation to patients and providers. There are several factors that determine the amount of radiation produced during an operation: patient factors such as body shape and weight, provider technique, and skill as well as imaging system-related factors such as power level of the X-ray tube or detector size.
Patient-related factors are not modifiable but fixed. Obese patients are a growing population accounting for 35% of men and 40% of women in the United States. 15 In these patients, certain procedures or imaging angles might not be possible with mobile C-arm systems due to poor imaging quality, which renders the intervention unsafe. Fixed imaging systems still perform well under these challenging conditions, at the cost of increased radiation dose. Moreover, obesity itself more than doubles the radiation dose compared to normal weight patients as the imaging systems have to produce higher energy beams to penetrate the larger body. 16, 17 The good technique including judicious use of fluoroscopy, correct distance (source-patient-detector, source/patient-provider), and projection angle management as well as use of shielding can reduce radiation exposure to patients and providers. 9 Similarly, well-developed skills allow for swift procedures and thus shorter FTs. The opposite is exemplified by higher radiation exposure for trainees, as they learn the skills and techniques for a successful career. 18 Image fusion technology can help with the conduct of a procedure and shorten FTs. 10 These approaches, however, are limited in their ability to reduce radiation dose before it becomes unpractical or unsafe. This is in line with the ALARA principles: as low as reasonably achievable.
Finally, there are imaging system-related factors. Power output of the X-ray tubes is a major determinant as well as detector size. Modern fixed imaging systems generate excellent pictures, even in difficult conditions such as angled projections in obese patients, and can operate longer without overheating like mobile units. The disadvantage, however, is that the radiation dose is 3.5 times higher on average compared to mobile systems. 6, 8, 19 ClarityIQ is an imaging platform that is designed to address these issues. It utilizes reduced radiation dose settings, which inherently leads to decreased signal-to-noise ratio (SNR) of the images. This SNR is then enhanced by employing a cascade of real-time image processing steps. Several studies have shown this algorithm to perform well in the realm of interventional cardiology and neurointerventional radiology.
11, 20 Söderman et al could show that image quality is noninferior using only 25% radiation dose during DSA if the Clarity algorithm is employed.
In this study, we show that the algorithm performs reliably and consistently well in a real-world setting by analyzing 2 very standardized endovascular operations: EVAR and SFA interventions. We could show that patient entrance dose, measured as AK and including all fluoroscopy and DSA, was 50.7% reduced for EVAR and 62.9% reduced for SFA interventions after the upgrade. Since BMI and length of fluoroscopy affect AK significantly, we matched patients from both cohorts based on these parameters and found a reduction of 53.2% and 57.0%, respectively. These data add to the body of literature that assessed Clarity for EVAR and LE interventions (Table 3) . 19, [21] [22] [23] It assesses the algorithm in a larger cohort than currently published.
van den Haak et al demonstrated a 56% reduction in EVAR and a 75% reduction in iliac interventions without normalizing for potential differences such as BMI or FT. The FT for iliac interventions, for example, is *50% shorter for the Clarity group which confounds the final result. Kirkwood et al performed such normalization for BMI and showed that AK per frame was reduced 61% in EVAR and 70% in lower extremity interventions, while AK rate per minute was reduced by 47% and 37%, respectively. That study, similar to the present one, is a comparison of consecutive patients before and after an upgrade. van Strijen et al showed in a more artificial setup the absolute capabilities of Clarity by comparing a normal DSA to a Clarity DSA in the same patient by performing a repeated injection during iliac intervention. They found an 82% reduction in AK, which is in line with Söderman's result of cerebral DSAs. The discrepancy between these results and the results from Kirkwood et al, de Ruiter et al, and this study is partly due to the fact that the latter ones compared total procedural dose, which included plain fluoroscopy. De Ruiter et al, particularly, were able to show that the overall reduction in AK was almost exclusively driven by AK reduction during DSA. We do not have data in the present study to comment on that as only total dose was recorded and not AK for fluoroscopy and DSA individually.
Reduction in patient entrance dose leads to decreased scatter. Since scatter radiation is the main source of radiation that providers are exposed to, it is not surprising that we found a reduction in monthly badge readings of the providers who saw a 54.4% decrease, quite similar to the dose reduction for patients. Most notably, the fellow's readings fell by 78.8%. This significant reduction is confounded by the radiation exposure the fellow had in the early days of training. As a novice, he was less experienced with the correct application of ALARA principles and not yet skilled. As a consequence, he had rather high exposure rates. Comparing only the immediate months before and after upgrade and thus time frames of similar skill, the reduction is smaller and more in line with the other surgeons at 68.1% (P ¼ .016). Clarity and similar algorithms can protect especially trainees from undue high radiation doses, whereas they practice their skills and techniques that will allow them to further reduce radiation. Radiation safety and up to date equipment should be a significant factor in deciding which fellowship to choose.
This study has several limitations. This is a single-center study with a limited number of providers. In particular, we could only analyze data from 1 fellow due to the structure of the fellowship. The fellow before him performed mostly open procedures during the upgrade and had little time in the hybrid room before leaving; the fellow after him did not have time in the hybrid room before the upgrade. Dose area product measurements are not included in this analysis as the data sets were not complete. The study design is retrospective and as such prone to bias. We did not, however, plan to perform the present analysis up front as part of the upgrade. This limits effects on practice pattern, the so-called Hawthorne effect, like the more frequent use of shielding that would affect the recorded scatter radiation for providers. 24 The fact that the reduction for patients and surgeons is almost equal further supports this notion. We reduced the risk of other biases such as FT and BMI by performing a match.
Conclusion
In the present study, we demonstrate that implementation of a novel dose reduction technology decreases radiation exposure to patients and providers by more than 50%. This is of significant importance as endovascular procedures are increasingly performed and become more complex leading to longer procedures and thus FTs and more DSA runs. Clarity can aid in making these procedures safer by reduction in radiation exposure to patients and providers. Although this algorithm performs well, we want to stress that providers should discuss with respective vendors of the hybrid operating room whether similar upgrades are available to reduce radiation exposure. We also want to increase awareness among vascular surgeons and hospital administrators of the potentially detrimental impact of radiation such as increased risk of brain and skin tumors or cataracts, as our specialty continues to evolve with increasing use of ionizing radiation to facilitate ever more complex endovascular procedures.
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